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RESEARCH  SUMMARY 

Flaming  combustion  in  cribs  of  large  woody  fuels,  thick- 
ness 5  cm  or  greater,  is  not  sustained  when  fuel  spacing 
ratio,  fuel  edge-to-edge  separation  distance  to  fuel  thick- 
ness, is  greater  than  3:1 .  The  burning  rate  per  unit  of  ex- 
posed fuel  surface  area  was  found  to  reach  a  maximum 
near  a  porosity  of  0.21,  where  porosity  is  defined  as  the 
square  root  of  the  ratio  of  vertical  venting  area  to  the 
exposed  large  fuel  surface  area.  The  flame  length  asso- 
ciated with  the  large-fuel  burning  rate  was  found  to  drop 
rapidly  when  the  porosity  exceeds  0.3  and  the  large-fuel 
spacing  ratio  increases  beyond  2.23:1.  This  supports  the 
critical  spacing  assigned  in  the  large  fuel  subroutine  burn- 
out of  Albini's  (1976b)  fire  modeling  program. 
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INTRODUCTION 

Study  of  fire  behavior  in  wildland  fuels  has  concen- 
trated on  the  dependence  of  the  rate  of  spread  on  fuel 
properties,  fuel  moisture  contents,  slope,  and  wind 
(Rothermel  1972).  As  the  knowledge  base  developed  and 
use  of  mathematical  models  became  more  common,  users 
expressed  interest  in  other  aspects  of  fire  behavior.  These 
interests  included  areal  fire  growth  and  size,  flame  length 
and  tree  crown  scorch,  energy  release  rates,  and  spotting 
distances,  including  fire  duration  and  burnout  properties 
(Albini  1976a,  1976b).  A  model  of  the  mass  loss  history  of 
fuels  was  developed  by  Albini  that  provides  an  estimate  of 
the  duration  of  flaming  combustion  and  the  fire  intensity 
of  wildland  fires.  The  model  is  limited  to  fuel  consumption 
during  the  flaming  phase  of  the  burning  process.  The 
model  included  an  estimate  of  the  planform  fuel  separa- 
tion distance  (2.33:1)  at  which  a  specific  fuel  size  can  no 
longer  sustain  flaming  combustion  in  adjacent  fuels. 

Since  several  assumptions  used  in  Albini's  model  have 
not  been  tested,  a  study  was  undertaken  to  determine  the 
accuracy  of  the  assumption  of  fuel  spacing  and  provide 
additional  insights  into  the  burning  rates  during  flaming. 
This  paper  presents  results  showing  the  dependence  of  the 
burning  rate  and  flame  length  on  the  physical  properties 
of  square  cribs  of  large-sized  woody  fuels.  Fuels  included 
square  sticks,  either  5.08  cm  (2.0  in),  10.16  cm  (4.0  in),  or 
15.24  cm  (6.0  in)  in  thickness  and  122  cm  (4.0  ft;)  in  length. 
The  spacing  of  fuels  varied  from  0.5  to  3.0  times  the  thick- 
ness of  the  large  fuel.  Smaller  fuels  were  used  to  ignite 
the  crib  and  provided  a  measure  of  how  the  burning  rate 
tracked  combustion  of  each  size  class.  Results  confirm 
that  the  burning  rate  was  affected  by  porosity  and  spacing. 
The  variation  in  the  burnout  of  fuel  sizes  between  the 
burnout  model  and  observation  shows  how  the  flaming 
phase  changes  with  fuel  size  and  spacing.  The  influence  of 
moisture  content  was  considered  by  burning  a  few  cribs  at 
about  12  percent  and  20  percent  moisture  content.  Flame 
length  showed  a  sharp  drop  as  spacing  was  increased  and 
porosity  became  more  open. 

PRIOR  RESEARCH 

The  burning  of  wood  cribs  for  both  spreading  fires  and 
nonspreading  or  area  fires  has  been  investigated  for  years 
to  develop  an  understanding  of  fire  behavior.  Harmathy 


(1972a,  1972b)  presented  an  extensive  review  of  previous 
work  on  crib  fires  within  enclosures  and  in  unconfined 
atmospheres.  That  work,  plus  the  research  of  others, 
provided  a  basis  for  evaluating  certain  aspects  of  the  bum- 
out  model  developed  by  Albini  (1976b),  such  as  investiga- 
ting the  effect  of  spacing  on  the  flaming  burnout  (Block 
1971;  Gross  1962;  Heskestad  1973;  Smith  and  Thomas 
1970;  Thomas  1974).  These  authors  pointed  out  that  the 
burning  rates  of  wood  crib  area  fires  fell  into  two  regimes: 
(1)  when  the  fuels  are  closely  packed,  the  burning  rate  is 
ventilation  controlled,  and  (2)  when  the  fuels  are  quite 
loosely  packed,  the  burning  rate  is  controlled  by  the  ex- 
posed fuel  surface  area.  The  general  form  has  been  pre- 
sented by  several  researchers  (Block  1971;  Delichatsios 
1976;  Gross  1962;  Harmathy  1972a,  1976;  Heskestad 
1973),  but  has  been  expressed  differently  because  of  scal- 
ing factors  or  because  dimensionless  analysis  functions 
were  used  to  group  the  variables.  Smith  and  Thomas 
(1970)  expressed  similar  observations  noting  a  decrease 
in  the  burning  rate  with  large  spacing.  This  suggested 
that  burnout  of  large  fuels  could  be  expressed  in  terms  of, 
or  a  function  of,  the  porosity.  Comments  following  Block's 
paper  (1971)  at  the  13th  symposium  on  combustion 
brought  out  this  concept  in  response  to  A.  M.  Kanury. 
Block  (1971)  expressed  the  thought  that,  at  extremely 
open  conditions,  the  burning  rate  would  start  to  decrease 
and  a  series  of  negative  sloped  lines  for  each  size  would 
describe  the  dependence  on  porosity.  Heskestad  (1973) 
noted  in  his  paper  that  the  ventilation  controlled  curve 
rising  toward  the  "constant"  burning  rate  portion  is  a 
section  of  a  parabola.  This  suggests  that  Block's  thought 
about  decreased  burning  rates  in  open  fuel  beds  could  be 
represented  by  a  parabolic  response  function  that  covers 
the  rising  bum  rate  at  small  ventilation  or  porosity  values 
and  the  decreasing  burn  rate  at  large  ventilation  or  poros- 
ity values.  Research  on  fire  spread  in  wildland  fuels  for 
horizontal  or  vertical  rates  of  spread  has  indicated  that 
mass  loss  rates  reach  a  maximum  at  a  critical  bulk  density 
or  packing  ratio  and  then  decline  with  further  changes  in 
the  bulk  density  (Frandsen  and  Schuette  1978;  Rothermel 
1972;  Wilson  1982). 

Review  of  the  above  research  indicated  that,  in  both 
the  ventilation-controlled  and  the  surface-area-controlled 
regions,  the  mass  loss  rate  per  unit  area  of  exposed  fuel 
surface  is  basically  a  function  of  the  ratio  of  ventilation 
area  to  exposed  fuel  surface  area  to  the  one-half  power. 
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TOP  VIEW 


Figure  1 — General  configuration  of  large  fuel 
in  wood  crib  used  to  study  the  flaming  burn- 
out properties  of  fires.  Tfiickness  is  denoted 
by  b,  spacing  of  pieces  by  s,  length  of  pieces 
by  .1,  and  depth  of  the  fuel  bed  by  d. 


Figure  2 — An  oblique  view  of  a  fuel  bed  being 
constructed.  Shows  the  arrangement  of  fine 
fuels  between  the  large  fuels  and  the  horizontal 
and  vertical  spacing  of  the  large  fuels. 


This  ratio  is  a  major  term  known  as  the  porosity  factor 
(Gross  1962;  Heskestad  1973),  and  can  be  expressed 
mathematically  as: 

R/A  =f(A/A)  (1) 

where       =  mass  loss  rate  per  unit  area  of  fuel  surface, 

g/s 

=  area  of  exposed  fuel  surface,  cm* 
A   =  cross-section  area  of  vertical  vents  in  the 

V 

crib,  that  is,  the  planform  area  not  occupied 
by  fuel,  cm*. 

This  relation  provides  a  basis  for  evaluating  how  burning 
rate  changes  as  the  fuel  bed  becomes  more  and  more 
open. 

The  exposed  surface  area  of  the  large  fuels  was  deter- 
mined from  the  total  surface  area  by  subtracting  from  it 
the  surface  area  of  the  perimeter  outward-facing  sides  of 
the  pieces,  the  surface  area  of  the  top  and  bottom  layers' 
outward-facing  sides,  and  the  surface  areas  that  are  cov- 
ered at  each  intersection  of  the  pieces.  These  outward- 
facing  and  shielded  surface  areas  were  subtracted  from 
the  total  surface  area  because  they  do  not  interact  with 
the  fire  in  the  fuel  arrangement.  The  general  geometry  is 
shown  in  figure  1  for  a  fuel  bed  where  the  spacing  is  only 
horizontal.  When  vertical  spacing  equal  to  the  horizontal 
spacing  is  desired,  large  fuel  pieces  equal  to  the  spacing 
distance  in  length  are  used  to  separate  each  layer  of  large 
fuels  (fig.  2).  For  horizontal  spacing  the  equation  for  the 
exposed  surface  area  is: 

A^^  =  2N{n  -1)6  i  -I-  2{N-l)nib^  ^-nb^)  (2) 

where  b    =  fuel  stick  thickness,  cm 

=  fuel  stick  length,  cm,  also  fuel  bed  width 

n    =  number  of  sticks  per  layer 

=  number  of  layers. 

When  vertical  spacing  is  added,  the  equation  for  the  addi- 
tional exposed  surface  area  is: 

A^^  =  4fes^(^-l)  (iV-1)  (3) 

where  s  =  the  spacing  distance,  cm,  and  the  length  of 
support  pieces  of  the  large  fuel. 

The  vertical  venting  area  was  determined  from  the 
spacing  and  the  number  of  pieces: 

A^  =  (n-D*  s*  cm*  (4) 

This  paper  reports  on  the  relationship  of  the  burning 
rate  to  changes  in  the  fuel  stick  size,  spacing,  and  result- 
ing fuel  bed  porosity. 

EXPERIMENTAL  PROCEDURES 

The  experiments  were  conducted  using  squared  sticks 
positioned  at  specific  distances  from  one  another  in 
square  cribs  that  had  a  maximum  base  of  122  cm  (4.0  ft) 
on  a  side.  Fuel  sizes  included  starter  fuels  used  to  bring 
the  large  fuels  into  combustion  in  a  manner  similar  to 
the  burning  process  observed  in  the  field.  These  fuels 
included  0.07-cm  (0.027-in)-thick  excelsior  of  aspen 
wood  {Populus  tremuloides  Michx.),  0.635-cm  (0.25-in) 
and  2.54-cm  (1.0-in)  sticks  of  ponderosa  pine  {Pinus  pon- 
derosa  Laws.),  or  sugar  pine  (Pinus  lambertiana  Dougl.). 
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Larger  fuels  were  one  of  the  following  sizes:  5.08-cm 
(2.0-in),  10.16-cin  (4.0-in),  and  15.24-cm  (6.0-in)  square 
sticks  of  ponderosa  pine,  Douglas-fir  {Pseudotsuga  menzi- 
esii  [Mirb.]  Franco),  or  lodgepole  pine  (Pinus  contorta 
Dougl.);  or  a  mixture  of  Engelmann  spruce  (Picea  engel- 
mannii  Parry)  and  subalpine  fir  (Abies  lasiocarpa  [Hook.] 
Nutt.).  The  fuels  in  a  majority  of  the  experimental  bums 
were  conditioned  to  6  percent  moisture  content  (mc)  oven- 
dry  (OD).  A  few  of  the  bums,  however,  had  the  large  fuels 
conditioned  at  11  to  14  percent  mc  OD  and  20  to  22  per- 
cent mc  OD.  An  initial  series  of  burns  was  carried  out 
to  determine  the  bumout  characteristics  of  the  2.54-cm 
(1-in)  fuels  because  their  bumout  would  be  considered 


a  reference  for  the  burning  rate  of  the  larger  fuels. 
Spacing  of  the  2.54-cm  (1-in)  fuels  was  varied  vertically 
and  horizontally  to  establish  how  the  small  fuels  would 
be  distributed.  As  a  result  the  0.63-cm  (V4-in)  sticks  were 
spaced  at  a  spacing  ratio,  spacing  distance  to  fuel  thick- 
ness, of  8:1  and  the  1-inch  sticks  at  a  ratio  of  5:1  for  all 
the  burns.  For  the  larger  fuels  the  spacing  was  varied 
fi'om  a  low  ratio  of  0.5:1  to  a  high  ratio  of  3:1.  Physical 
properties  of  the  fuel  beds  are  presented  in  table  1,  and 
each  burn  is  identified  by  a  sequence  of  properties:  spe- 
cies; thickness  (6);  spacing  ratio  (sr);  number  of  pieces  per 
layer  (n);  number  of  layers  (.N);  horizontal,  H,  or  horizon- 
tal and  vertical,  HV,  spacing;  and  percent  mc. 


Table  1 — Identification  of  eacfi  test  fire  by  species,  tfiickness  (b),  spacing  ratio  (sr),  number  of  pieces  per  layer  (n),  number  of  layers  (W),  piece 
orientation  (H  or  HV),  moisture  content  (mc),  and  physical  properties  of  each  crib 
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Weight  loss  per  unit  time  was  measured  with  a  four- 
station  load  cell/strain  gauge  instrumentation  setup  that 
included  heat  isolation  materials,  a  support  platform,  and 
the  fuel  bed.  Flame  height  (fig.  3)  was  observed  by  three 
individuals  making  independent  measurements,  which 
were  recorded  on  small  cassette  tape  recorders.  These 
observations  were  later  coordinated  and  the  average 
flame  height  over  time  included  as  part  of  the  data  base. 
In  addition,  two  remote-controlled  cameras  recorded 
flame  height  at  specific  time  intervals  as  set  up  within 
a  microcomputer/controller.  Radiant  heat  signatures  for 
each  fire  were  measured  with  radiometers  located  (1)  at 
right  angles  to  the  flame  plume,  at  the  fuel  bed  height 
above  the  combustion  laboratory  floor;  (2)  at  a  height  of 
493  cm  (16  ft  2  in)  above  the  combustion  laboratory  floor, 
and  503  cm  (16  fl;  6  in)  from  the  center  line  of  the  fuel  bed 
on  a  line-of-sight  angle  of  40  degrees  from  the  horizontal. 
The  temperature  in  the  base  of  the  fuel  bed  was  estimated 
with  a  chromel-alumel  thermocouple  placed  approxi- 
mately 30.48  cm  (1.0  ft)  into  the  fuel  bed.  The  tempera- 
ture of  a  load  cell  was  monitored  so  correction  could  be 
made  for  thermal  drift;  of  the  weight  loss  millivolt  signal. 
All  of  the  sensor  electronic  signals  were  collected  and 
stored  on  a  compact  data  collection  unit,  and  aft^er  each 


bum  the  data  were  stored  on  tape  and  later  included  in 
a  data  base. 

The  individual  observers  were  instructed  to  note  each 
significant  change  that  occurred  during  the  burnout  of  the 
fuel  bed.  The  time  of  each  event  was  recorded  on  the  tape 
recorders.  The  three  observers  were  utilized  through  the 
flaming  phase,  which  generally  did  not  exceed  60  min- 
utes. During  the  charring  or  glowing  phase,  one  individ- 
ual made  observations  until  the  fuel  had  totally  burned 
out,  leaving  less  than  5  percent  of  the  area  covered  with 
embers.  Among  the  significant  observations  were:  the 
collapse  and  burnout  of  each  of  the  starter  fuel  sizes, 
flame  height  at  each  observation,  buildup  of  burning  in 
the  fuel  bed,  the  fi-action  of  large  fuel  flaming,  the  start 
of  collapse,  the  fi"action  of  collapse,  the  time  when  flame 
height  above  the  fuel  bed  dropped  below  30.48  cm  (1.0  ft), 
the  fraction  of  the  fuel  bed  planform  area  in  flaming  or 
glowing,  and  the  time  when  flaming  and  glowing  ended. 
These  observations  were  compared  with  the  fractional 
weight-loss  rate  determined  fi-om  the  weight-loss  record 
so  that  significant  events  in  burning  behavior  could  be 
evaluated  in  terms  of  weight-loss  rate.  The  data  related 
to  the  large-fuel  burning  rate  are  listed  in  table  2  and 
cover  the  period  when  the  large-fuel  burning  dominates. 


Figure  3 — Burnout  of  experimental  fuel  bed. 
Flame  lengths  and  the  burnout  of  each  size 
class  of  fuels  were  observed  both  visually 
and  photographically. 
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RESULTS 

Because  these  fuel  beds  were  made  up  of  several  fuel 
sizes,  the  contribution  of  the  small  fuels  to  the  flaming 
and  the  weight  loss  was  analyzed  and  the  burnout  of  the 
2.54-cm  (1.0-in)  fuels,  70  percent  or  more,  gave  the  most 
consistent  benchmark  for  the  period  where  the  burning 
and  flaming  was  dominated  by  the  large  sized  fuel.  The 
fractional  weight-loss  rate  was  plotted  against  the  time 
since  ignition  (fig.  4).  The  observed  events  were  noted  on 
the  plot  and  assisted  in  the  identification  of  the  fractional 
weight  loss  rate  associated  with  the  large-fuel  flaming 
burnout.  The  data  presented  by  Gross  (1962)  for  horizon- 
tally spaced  fuels  provided  data  points  in  the  ventilation 
controlled  region.  These  data  points  were  merged  with 
the  data  of  the  current  study  and  used  in  equations  2,  3, 
and  4  to  indicate  how  the  unit  exposed  area  burning  rate 
changes  with  the  porosity  function.  While  Gross  (1962) 
(fig.  5),  Harmathy  (1972a),  Heskestad  (1973),  and  Block 
(1971)  have  shown  the  unit  surface  area  burning  rate 
to  increase  with  increasing  porosity  function  in  the 
ventilation-controlled  region  and  to  become  steady  in 
the  surface-area-controlled  region,  this  study  shows  the 
unit  exposed  area  burning  rate  decreases  when  the  poros- 
ity function  becomes  large  (fig.  5).  No  clear  separation  of 
fuel  size  influence  was  found. 

Distribution  of  the  data  points  suggests  that  a  para- 
bolic or  quadratic  equation  could  describe  the  change  in 
unit  area  burning  rate  with  increasing  porosity.  The  best 
fit  was  obtained  with  a  quadratic  equation  which  had  the 
following  expression: 

RJA^  =  -4.1273  X  10^  +  7.1923  xlO-^P) 

-1.6726  X  low  (5) 
fl2  =  0.7717 

with  the  predicted  value  and  the  95  percent  confidence 
limits  illustrated  in  figure  6.  Fuel  beds  with  horizontal 
and  vertical  spacing  of  large  fuels  had  bum  rates  similar 
to  that  for  horizontally  spaced  fuels.  Bums  at  high  mois- 
ture contents  had  more  variability  in  burning  rates,  and 
they  tend  to  decrease  with  increasing  moisture.  The  peak 
unit  area  burning  rate  occurs  at  a  porosity  of  about  0.22, 
which  yields  a  value  of  0.000789  g/cm^-s.  That  is  differ- 
ent from  the  steady  rate  of  0.00062  gm/cm^-s  previously 
reported.  Evaluation  of  burning  rate  in  other  fuels,  such 
as  slash  beds  in  the  field,  in  terms  of  porosity  are  difficult 
because  of  the  several  dimensions  that  are  needed.  To 
simplify  estimation  of  burning  rates,  I  considered  the 
physical  properties  Wilson  (1982)  introduced,  op5,  where 
<5  is  the  fuel  particle  surface  area-to-volume  ratio,  cmV 
cm';  P  is  the  packing  ratio  defined  by  the  ratio  of  fuel  bed 
bulk  density  to  fuel  particle  density;  and  5  is  the  depth  of 
the  fuel  bed,  cm.  These  variables  can  be  readily  measured 
or  reasonably  estimated.  To  obtain  comparable  results, 
the  inverse  of  oP5  must  be  used  so  as  to  produce  a  ratio 
of  planform  area  to  fuel  surface  area.  The  difference  is 
in  the  planform  area.  The  porosity  function  uses  the 
vent  planform  area  while  the  ap5  function  uses  the  fuel 
bed  planform  area.  The  expected  result  is  less  correlation 
when  the  fuel  bed  planform  area  is  used.  This  is  true  for 
the  polynominal  fit  to  data  and  can  be  seen  in  the  curve 
fit  (fig.  7). 


0  5  10  15  20  25  30 

ELAPSED  TIME,  min 


Figure  4 — A  plot  of  the  fractional  weight  loss  rate 
from  the  time  of  ignition  to  burnout.  Significant 
events  during  the  fire  were  noted  by  observers. 


JiJAS^^  =  ^.56505  X  10-5-1- 2.717368  X  10-3  (lybp5)-5 
-t- 1.569299  X  10-3  (l/oP5) 
-  2.23657  X  10-2(l/op5)2  (6) 

R'^=  0.6957 

The  same  type  of  response  was  found  in  the  independ- 
ent observations  of  flame  length  made  during  each  fire. 
The  flame  height  associated  with  burning  rate  per  unit 
area  of  exposed  large-fuel  surface  area  was  found  to  dis- 
play a  sharp  decrease  at  porosities  above  0.3  (fig.  8a). 
Flame  length  values  for  the  three  large-fuel  sizes,  5,  10, 
and  15  cm,  range  along  a  steep  line  between  porosity  val- 
ues of  0.30  and  0.40.  Generally,  the  fuel  beds  near  this 
porosity  did  not  support  flaming  combustion  long,  but  did 
have  a  long  smothering  pyrolysis  period  prior  to  going 
into  the  glowing  combustion  phase  of  the  burnout. 

Similar  data  distribution  is  exhibited  when  flame 
length  is  plotted  against  the  fuel  bed  descriptor,  l/oP5 
(fig.  8b).  The  shifts  along  the  axis  result  in  part  from  the 
variation  in  p  because  of  species  differences  in  specific 
gravity.  Species  may  also  have  other  influences  on  vola- 
tile production  and  combustion,  but  data  are  insufficient 
to  support  any  conclusions.  Gross's  (1962)  data  did  not 
include  measurements  of  flame  length,  thus  expected 
flame  lengths  can  be  inferred  only  by  use  of  the  break 
point  between  the  ventilation-contrcr.ed  section  and  the 
exposed  surface  area  section  shown  in  figure  5.  The  dot- 
ted lines  in  figures  8a  and  8b  are  positioned  by  this  infer- 
ence, assuming  flame  length  nears  zero  when  the  porosity 
function  or  the  fuel  bed  descriptor  approaches  zero. 
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Figure  5 — Relationship  of  surface  area  burning  rate 
to  porosity  function.  The  surface  area  burning  rate 
increases  in  the  ventilation  =  controlled  region  to  a 
maximum  near  0.00078  g/cm^-s  which  holds  nearly 
constant  until  the  porosity  function  increases  to  0.30 
or  greater  where  the  burning  rate  decreases.  Closed 
circles  are  data  from  Gross  (1962)  and  open  circles 
are  data  from  the  current  study. 
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Figure  6 — The  response  of  the  surface  area  burning 
rate  to  changing  porosity.  This  phenomenon  can  be 
modeled  by  a  quadratic  equation — equation  4 — shown 
by  the  solid  line.  The  95  percent  confidence  limits  are 
shown  by  the  dotted  lines.  The  closed  circles  are  data 
from  Gross  (1962),  the  open  circles  are  data  from  the 
current  study  for  fuels  at  mc  less  than  10  percent  with 
horizontal  spacing  only,  the  plus  symbols  are  for  fuels 
with  mc  less  than  10  percent  and  vertical  and  horizontal 
spacing,  and  the  crosses  are  for  fuels  with  horizontal 
spacing  and  mc  greater  than  10  percent. 
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Figure  7 — Relationship  of  surface  area  burning 
rate  to  fuel  bed  description.  The  surface  area 
burning  rate  can  be  predicted  by  a  quadratic 
equation — equation  5 — in  terms  of  a  fuel  bed 
descriptor,  1/oP5  ,  and  is  more  suited  to  field 
application.  Symbols  are  the  same  as  in  figure  5. 
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Figures  8a  and  8b — Relationship  of  flame  length  to 
porosity  and  fuel  bed  descriptor.  Flame  length  shows 
the  same  decrease  as  the  burning  rate  as  porosity  or  the 
fuel  bed  descriptor  increases.  A  sharp  decrease  in  flame 
length  occurs  at  a  porosity  of  0.34  or  a  fuel  bed  descrip- 
tor value  of  0.22.  Data  are  from  current  study  only. 
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A  limited  number  of  bums  were  conducted  with  large 
fuels  at  higher  moisture  contents  to  examine  the  resultant 
change  in  burning  properties.  Moisture  contents  of  11  to 
14  percent  and  20  to  22  percent  were  established  for  some 
bums,  as  documented  in  tables  1  and  2.  Except  for  two 
fires  at  11  to  14  percent  mc,  the  fires  were  close  to  the 
curve  that  describes  the  quadratic  equation  for  i^/A^  as 
a  function  of  the  porosity  (fig.  6).  An  estimate  of  the 
burning  rate  is  possible  with  equation  4,  but  it  is  un- 
known whether  it  would  apply  to  higher  mc's.  In  the 
Pacific  Northwest  some  prescribed  burning  is  being  done 
when  mc's  in  large  uncured  fuels  range  fi-om  63  to  113 
percent  (Ottmar  1987). 

Some  bums  were  conducted  where  the  large  fuels  were 
spaced  vertically  and  horizontally  to  evaluate  the  effect  on 
burning  rate.  The  results  indicate  that  slightly  higher 
unit  area  burning  rates  occur  with  spacing  in  both  dimen- 
sions (table  2). 

DISCUSSION  AND  SUMMARY 

The  critical  spacing  value  of  2.23:1  assigned  by  Albini 
(1976b)  appears  to  be  close  to  the  maximum  spacing  for 
large  fuels  for  sustaining  the  flaming  combustion  phase 
of  fuel  bumout  and  corresponds  to  a  porosity  factor  near 
0.34  or  a  fuel  bed  descriptor  value  of  0.22.  The  current 
work  indicates  the  5-,  10-,  and  15-cm  (2-,  4-,  and  6-in)- 
thick  fuels  cluster  as  the  unit  area  burning  rate  decreases 
with  increasing  porosity  or  fuel  bed  descriptor.  A  porosity 
value  of  0.34  seems  to  be  very  close  to  the  limit  of  flaming 
combustion  for  large  fuels,  those  greater  than  2.54  cm 
(1.0  in)  in  thickness.  Although  flaming  combustion  may 
not  be  supported,  the  large  fuels  continue  to  pyrolyze  and 
char,  causing  the  release  of  numerous  gaseous  products 
until  the  large  fuels  have  been  consumed. 

At  6  percent  mc,  all  of  the  fuel  beds  were  very  nearly 
consumed  but  total  consumption  took  up  to  4  hours  or 
more.  At  higher  moisture  contents  the  large  fuels  do 


not  completely  burn  up  and  residues  remain  (table  2). 
Ottmar  (1987)  pointed  out  that  large-fuel  reduction  is 
a  function  of  the  internal  moisture  content  where  the 
reduction  was  measured  as  the  diameter  reduction.  The 
current  work  shows  only  the  initial  results  for  dry  fuels; 
as  fuels  increase  in  moisture,  the  amount  unbumed  will 
increase  (table  2).  Experience  suggests  that  although 
moisture  content  influences  the  bumout,  once  pyrolysis 
is  established  large  fuels  bum  rather  completely  up  to 
20  percent  mc. 

The  experimental  results  of  this  study  indicate  that 
area  burning  rate  eventually  peaks  and  that  this  occurs 
in  the  vicinity  of  a  porosity  of  0.22  (fig.  6).  The  maximum 
value  of  0.00078  g/cm*-s  is  near  the  value  of  0.00062 
g/cm^-s  reported  for  the  surface  area  controlled  region 
of  pwrosity.  Earlier  work  in  the  modeling  of  wildland  fi'ee- 
buming  fires  (Rothermel  1972)  indicated  that  there  can  be 
optimum  burning  conditions  where  the  fire  reaction  inten- 
sity may  peak.  Wilson  (1982),  in  his  reexamination  of  data 
fi*om  spreading  fire,  did  not  find  well-defined  peaks  but 
rather  broad  indefinite  peaks  as  reaction  intensity  was 
evaluated  in  terms  of  packing  ratio.  He  stated  that  sta- 
tionary fires  might  portray  the  optimum  packing  ratio 
more  accurately  than  data  from  moving  fire  fronts.  The 
results  of  the  current  work  were  merged  with  Wilson's 
(1982)  data  for  0.635-  and  1.37-cm  (V4-  and  V2-inch)-thick 
ponderosa  pine  sticks  to  investigate  relationship  of  the  fuel 
bed  descriptor  l/apS  and  flame  length  in  both  stationary 
and  moving  fires.  Similarly  to  stationary  fires,  moving  fire 
fi"onts  do  exhibit  a  drop  in  flame  length  as  l/aP5  increases 
beyond  0.22  but  maintain  low  flame  height  in  thin  fuels 
out  to  approximately  0.80  for  (fig.  9).  Although 

similar  responses  are  apparent,  loading  and  moisture 
content  must  be  studied  before  the  behavior  of  moving  and 
stationary  fires  can  be  fully  compared.  In  addition,  bum- 
ing  of  fine  fuels  in  a  fuel  bed  of  mixed  sizes  will  result  in 
higher  flame  heights  than  observed  when  only  fine  fuels 
make  up  the  fuel  bed.  Because  the  burnout  of  the  large 
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Figure  9 — Merging  of  data  from  Wilson  (1982)  witfi 
current  study  data.  Plotting  shows  a  sharp  de- 
crease in  flame  length  at  fuel  bed  descriptor  values 
at  0.22  and  above  for  both  moving  and  stationary 
fires.  Numbers  within  the  data  symbols  denote  the 
fuel  partide  thickness  in  centimeters. 
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fuels  takes  place  after  the  fire  front  has  passed,  linking 
behavior  of  moving  fires  and  stationary  fires  could  be  valu- 
able in  assessing  the  thermal  impacts  of  a  wildland  fire. 
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sustained  when  fuel  spacing  ratio,  fuel  edge-to-edge  separation  distance  to  fuel 
thickness,  is  greater  than  3:1.  The  flame  length  associated  with  the  large-fuel  burning 
rate  was  found  to  drop  rapidly  when  the  large-fuel  spacing  ratio  increases  beyond  2.23:1. 
This  supports  the  critical  spacing  assigned  in  the  large-fuel  subroutine  burnout  of  Albini's 
fire  modeling  program. 
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